Wall-deficient forms of fast-growing mycobacteria were produced in growth medium containing vancomycin and glycine, and spheroplasts were prepared by lysozyme treatment of wall-deficient cells. Spheroplasts gave rise to recombinants with high frequency (2-6 %) when they were fused using polyethylene glycol 6000. The results demonstrated that in uivo genetic recombination could be used to produce genetically modified Mycobacterium strains with applications in transformation of steroids. Useful intermediates of steroid drug synthesis and new degradation products were obtained from sterols by selected recombinant strains.
.
In this paper we describe experiments on the preparation and fusion of spheroplasts of auxotrophic and antibiotic-resistant mutants of fast-growing Mycobacterium strains with steroldegrading properties. The sterol-transforming properties of parent and recombinant strains are compared.
METHODS
Strains and growth conditions. Mycobacterium sp. NCAIM 00349 and Mycobacterium phlei NCAIM 00029 are deposited in the National Collection of Agricultural and Industrial Micro-organisms (Budapest). Cells were maintained on slants of glucose/potato medium, which contained 1 % (w/v) glucose, 3% (w/v) potato starch and 2.2% (w/v) agar.
Auxotrophic and antibiotic-resistant mutants of the Mycobacterium strains were obtained by MNNG mutagenesis. The bacteria were inoculated into nutrient broth (6 g l -l , Difco) supplemented with Tween 80 (0.1 %), and incubated overnight at 37 "C with shaking. The cells were harvested by centrifugation, resuspended in 0.9% saline solution supplemented with 0.1 % Tween 80, and incubated at 32 "C for 80 min with 500-2000 pg 0001-5148 0 1989 SGM
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N-methyl-N'-nitro-N-nitrosoguanidine (Sigma) ml-I . After incubation, the suspension was spread onto glucose/ potato agar plates and incubated at 32 "C for 5-7 d ; isolated colonies were tested for nutritional requirements. By mutagenic treatment of Mycobacterium sp. NCAIM 00349 we obtained auxotrophic strains, which require for growth adenine (50 pg ml-I), valine (50 pg ml-I) and proline (50 pg ml-I), respectively, and streptomycinresistant mutants able to grow on agar media containing 500 pg ml-' streptomycin.
Spheroplast preparation and jitsion. For preparation of wall-deficient forms the bacteria were grown at 32 "C for 48 h in shake flasks containing nutrient broth (6 g 1-' , Difco), then 1 % of the precultured bacteria were inoculated and incubated for 16 h at 32 "C in nutrient broth medium containing glycine 1.5% (w/v). Finally, a membranesterilized solution of vancomycin (100 pg mi-' final concentration) was added to the resulting culture and incubation was continued for a further 3 h at 37 "C. The wall-deficient forms obtained from 100 ml cultures were harvested by centrifugation, washed three times with P buffer (Okanishi et al., 1974; Hopwood et al., 1985 ; but with 0.5 M-sucrose), resuspended in 4 ml P buffer containing lysozyme (0.5-10 mg ml-I) and incubated at 32 "C for 180min with continuous stirring. During this step, the decrease in turbidity of the bacterial suspension was monitored by measuring optical density at 620 nm. After lysozyme treatment, the suspension was centrifuged at 700 g for 1 min at 20 "C to remove cell debris, and the supernatant carefully decanted and centrifuged at 8000 g for 20 min at 20 "C to collect the spheroplast pellets. Fusion was promoted by treating spheroplast pellets for 5 min with 1 rnlSO% (w/v) polyethylene glycol (PEG 6000, Fluka AG) in P buffer, followed by dilution with 4 ml buffer P and plating on a non-selective agar medium (Hopwood et al., 1985) . The basal regeneration medium contained sucrose (1 7 I g), K2S0, (0.25 g), MgCl, .6H,O (10.1 2 g), glucose (10 g), Casamino acids (0.1 g, Difco), Difco) , and 800 ml distilled water. After autoclaving, the following solutions were added to 80 ml portions of the basal medium: 1 ml KH,PO, (0.5%), 8 ml CaC1,.2H20 (3-68%), 1.5 ml L-proline (20%), 10 ml TES buffer (5.73%, adjusted to pH 7.2), 0.2 ml trace element solution, and 0-5 ml 1 M-NaOH. After the plates had been incubated for 5-7 d, the cells were re-suspended in distilled water and plated on a minimal medium containing glucose (10 g), NH,N03 (1.0 g), K,HPO, (0.25 g), MgSO, . 7 H 2 0 (0.25 g), NaCl(0-005 g), FeSO,. 7 H 2 0 (0.001 g), agar (15 g), distilled water to one litre, and combinations of growth factors selective for particular genotypes. Colonies were counted after 5 d incubation.
Electron microscopy. The wall-deficient forms and spheroplasts were fixed for 6 h in a solution containing 2% (w/v) formaldehyde and 1.25% (w/v) glutaraldehyde (Sigma) in KH2P04/K2HP04 buffer (100 mM, pH 7-1), followed by post-fixation in 2% (w/v) OsO,, in 200 ~M -K H~P O~/ K , H P O , buffer (pH 7.1), for 2 h. Ultrathin sections were prepared using an LKB IV ultramicrctome and stained according to Reynolds (1963) .
Steroid-transjorming properties of' recombinant strains. Sterol transformations were carried out in 500 ml flatbottomed flasks containing 100 ml culture medium. The culture medium contained glycerol (10 g), urea (0.5 g), soybean flour (2.0 g), CaCO, (3.0 g), NH,Cl (3.0 g), KH2P0, (0.5 g), and distilled water to one litre. A fine suspension of 20 g of a 2 : 1 mixture of p-sitosterol (I) and campesterol (II), 2 g Tween 80 and 6 g polypropylene glycol 2000 was dispersed by heating and added to 1 litre of the culture medium before autoclaving at 121 "C for 20 min. The sterile culture media were incculated with the Mycobacterium cells and shaken on a rotary shaker (deflection 2.5 cm, 320 rotations min-I) at 32 "C for 168 h. At the end of the experiment the culture broth was extracted exhaustively with ethyl acetate.
The extracts were analysed by thin-layer chromatography, with Kieselgel HF254-366 (Merck) as adsorbent. The developing solvents were: A, ethyl acetate/n-heptane (7 : 3, v/v); B, acetone/benzene (1 : 1, v/v). Detection was in UV light, and by conc. HISO, treatment, for the presence of the mixture of p-sitosterol (I) and campesterol(I1) and the following microbial degradation products of these sterols: 3-hydroxy-9,10-seco-l,3,5( lO)-androstatriene-9,17-dione ( The microbial degradation products were isolated from the culture broths of both fusion partners, regenerated single strains and some selected recombinant strains. Ethyl acetate extracts obtained from the cultures were evaporated in uacuo. The microbial transformation products were separated by column chromatography (adsorbent, silicic acid ; eluent, ethyl acetate/n-hexane with gradually increasing ethyl acetate content) and by preparative TLC (adsorbent, Kieselgel HF254 366; developing solvents as described above ; elution of compounds with methanol).
The following compounds were identified by comparison with authentic standards (UV, IR, TLC, GLC): I, 11, 111, IV, V, XX and XXI. Compounds VI, VII, VIII, IX, X, XI, XII, XI11 were identified by comparison with literature data (m.p., UV, IR, 'H-NMR, MS) described earlier (Wovcha et al., 1978; Knight & Wovcha, 1980 , 1984 . The closely related transformation products XIV and XV were isolated as a mixture in which compound XIV is the main component as shown by mass spectrometry (XIV M+. 442; XV M+. 428). These compounds are described in the literature (Fujimoto et al., 1982a, b) . Compounds XVI and XVII were also obtained as a mixture which proved to be identical with the product of esterification of the mixture of XIV and XV carried out by diazomethane. The structures of compound XVIII and its methyl ester (XIX) were elucidated by UV, IR, 'H-NMR, 13C-NMR and mass spectroscopy. Compound XVZZZ. U V : A,,, 239 nm, ( E = 21 300 1 mol-l cm-l) (overlapping absorption maxima of 4-en-3-one and 24-en-26-oic acid chromophores). MS 
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Preparation and regeneration of spheroplasts
The cell walls of the Mycobacterium strains studied could not be removed directly by lysozyme treatment. Pre-treatment with glycine and vancomycin, added to exponential-phase cultures, promoted the hydrolytic effect of lysozyme on the cell wall. Glycine and vancomycin each inhibited the growth of Mycobacteriurn sp. NCAIM 00349 (Fig. 1) ; the maximal inhibitory effect was observed when both glycine and vancomycin were added.
On the basis of this observation we have developed a suitable method for spheroplast preparation from fast-growing Mycobacteriurn strains. After incubation with glycine (1.5 %, w/v) and vancomycin (100 pg ml-l), the cells of Mycobacterium sp. NCAIM 00349 were digested with lysozyme (10 mg ml-I). As shown in Fig. 2 , some fragments of the cell wall remained attached to the membrane, hence most of the cells were converted to spheroplasts rather than true protoplasts. The enzymic hydrolysis resulted in conversion of approximately 85 % of the cells into spheroplasts. The optimal temperature of regeneration of spheroplasts of Mycobacterium sp. NCAIM 00349 was 32 "C. The first visible colonies from regenerated spheroplasts appeared after 3-4 d incubation. The rate of spheroplast regeneration was about 8 x 10-l.
The above method for spheroplast preparation was also found to be suitable for Mycobacterium phlei NCAIM 00029, using 0.2% (w/v) glycine, 100 pg vancomycin ml-l, and 500 pg lysozyme ml-I.
Spheroplast fusions
In order to perform spheroplast fusion experiments we used genetically marked strains of Mycobacterium sp. NCAIM 00349. We compared the frequencies of prototrophic recombinants obtained by treating Mycobacterium sp. NCAIM 00349 auxotrophic strains with PEG 1000 and PEG 6000 in concentrations ranging from 30 to 60% (w/v). When spheroplasts were treated with 50% PEG 1000 at 32°C for 5 min, the recombination frequency was 3.5 x prototrophic recombinants per initial (unfused) spheroplast, whereas a frequency of 6.4 x was obtained after treatment with 50% PEG 6000.
The fusion partners and crosses in two of the fusion experiments were the following. In the first experiment the Ade-StrS mutant of Mycobacterium sp. NCAIM 00349 was fused with the Ade+StrR mutant. In the second fusion experiment the Ade+ StrS and Ade-StrR mutants were the parents. Analysis of colonies obtained by cell wall regeneration after the fusion experiments gave the following results. In the first experiment we examined 2500 regenerated colonies: 159 Ade+ StrS prototrophic recombinants and 1 1 Ade-StrR double-markered recombinants were found. In the second experiment we obtained 34 Ade-StrS and 23 Ade+StrR recombinants from the analysis of 3700 regenerated spheroplasts. 0, Control (no addition); a, 1.5% glycine; 0, 1OOpg vancomycin ml-*; ., 1OOpg vancomycin ml-' + 1.5% glycine. commercially available sitosterol[2 : 1 mixture of p-sitosterol (I) and campesterol (II)]. Traces of compounds I11 and VI were also observed among the degradation products accumulated. The ratio of compound V to the total amount of the by-products was 3 : 1 for both parent strains. Five per cent of the recombinants showed significant changes in sitosterol-degrading ability compared to that of their parents. Most of the selected strains produced the same degradation products, but the proportions differed from those produced by the parent strains. Two recombinant strains did not accumulate 9a-hydroxy-4-androstene-3,17-dione (V) at all and gave a mixture of dinorcholanoic acids (VII and IX) in high yield and compounds VIII, X and XI as minor components during transformation. One recombinant strain yielded transformation products XII, XIII, XIV, XV, XVI, XVII, XVIII, XIX, XX and XXI derived from the initial stages of the side-chain degradation pathway. Compounds XVIII and XIX are new sterol degradation products. Among the recombinants we found two strains which were not able to transform sitosterol at all. In some transformations carried out with regenerated spheroplasts we also observed changes in the ratio of conversion products when compared to non-spheroplasted strains.
DISCUSSION
Peptidoglycan biosynthesis in the bacterial cell wall consists of three stages : biosynthesis of uridine nucleotide precursors; utilization of these precursors to form peptidoglycan strands; and cross-linking of the linear strands. Each of these stages is specifically inhibited by certain antibiotics and amino acids. We have found that the antibiotic vancomycin, which inhibits the second stage of peptidoglycan biosynthesis (Siewert & Strominger, 1967) , stimulates the
formation of wall-deficient forms of mycobacteria. Previously glycine, which is incorporated into the uridine nucleotide precursors in place of L-alanine (Strominger & Birge, 1965) , has been widely used for preparation of wall-deficient forms of mycobacteria (Sato et al., 1965; Adimek et al., 1969; Rastogi & David, 1981) . In our experiments, the concerted action of glycine and vancomycin afforded wall-deficient cells which could readily be attacked with lysozyme for hydrolysis of the glycoside bonds of the carbohydrate strands.
Genetic recombination by protoplast fusion in Streptomyces was described by Hopwood et al. (1977) , and the technique developed by Baltz (1978) . The methods elaborated for protoplast fusion in Streptomyces can clearly be utilized for fast-growing mycobacterial strains. Protoplasts obtained from Streptomyces fradiae and Streptomyces griseofuscus grown to the late exponential phase regenerate efficiently (Baltz, 1978) ; the protoplast regeneration and fusion efficiencies are strongly influenced by the incubation temperatures for cell growth and protoplast regeneration (Baltz & Matsushima, 1981) . We have shown that spheroplasts can be prepared in high yield from mycobacteria grown to the late exponential phase. After optimization of temperature for cell growth and spheroplast regeneration we obtained genetic recombinations at frequencies of 2-6 x lo-*, similar to the frequencies described in Streptomyces (Hopwood et al., 1977) .
After simple regeneration of spheroplasts we obtained some strains with modified steroltransforming properties, but they occurred at much lower frequencies than when spheroplast fusion was promoted by adding polyethylene glycol. Among the recombinants obtained by the spheroplast fusion method we found a strain that accumulated new transformation products which could be fitted into the microbial degradation pathway of sitosterol elucidated by Sih and coworkers (Fujimoto et al., 1982a, b) . Our method could be applied to isolate strains which produce 9a-hydroxy-4-androstene-3,17-dione (V), the known intermediate of corticosteroid synthesis (Dodson & Muir, 1961 ; Van Rheenen & Shephard, 1979) , from phytosterols at higher yields than the parent strains and to select strains which transform p-sitosterol (I) and campesterol(I1) into 9a-hydroxy-3-oxo-23,24-dinor-4-cholen-22-oic acid (VII) and 9a-hydroxy-3-oxo-23,24-dinor-4,17(20)-choladien-22-oic acid (IX), useful starting materials for synthesis of steroid drugs with a pregnane side chain (Kieslich, 1985 ) (see Fig. 3 ).
Consequently, spheroplast fusion seems to be a promising technique for strain improvement programmes for mycobacterial transformation of steroids.
